Solid bitumen is a common organic component of thermally mature shales and typically is identified by embayment against euhedral mineral terminations and by groundmass textures. However, because these textures are not always present, solid bitumen can be easily misidentified as vitrinite. Hydrous-pyrolysis experiments (72 hr, 300°C-360°C) on shale and coal samples show that solid-bitumen reflectance (BR o ) in shales is less responsive to thermal stress than vitrinite reflectance (R o ) in coal. This effect is most pronounced at lower experimental temperatures (300°C-320°C), whereas reflectance changes are more similar at higher temperatures (340°C-360°C). Neither a "vitrinitelike" maceral nor "suppressed vitrinite" was identified or measured in our sample set; instead, the experiments show that solid bitumen matures slower than vitrinite. The data may explain some reports of "R o suppression," particularly at lower thermal maturity (R o £ 1.0%), as a simple case of solid bitumen being mistaken for vitrinite. Further, the experimental results confirm previous empirical observations that R o and BR o are more similar at higher maturities (R o > 1.0%). It is suggested that R o suppression, commonly reported from upper Paleozoic marine shales of early to midoil window maturity, is a misnomer. This observation has important implications to petroleum exploration models and resource assessment, because it may change interpretations for the timing and spatial locations of kerogen maturation and petroleum generation.
INTRODUCTION
Vitrinite is a kerogen maceral, an insoluble organic residue from woody precursor materials in sedimentary rocks, including coal (Taylor et al., 1998) . The reflectance of light incident upon vitrinite under oil immersion (R o ) in polished rock samples increases systematically with increasing thermal maturity, usually related to maximum depth of burial (Dow, 1977) . This change occurs because of chemical reactions including increased aromatization and condensation in response to higher temperatures and the molecular rearrangement of vitrinite into planar structures corresponding to the anisotropic stress field encountered at depth in the Earth's crust (McCartney and Teichmüller, 1972; Levine and Davis, 1984) . Because of this predictable change, measurement of R o is considered one of the more robust of many techniques available for determination of thermal maturity for petroleum exploration and basin analysis (Mukhopadhyay and Dow, 1994; Suárez-Ruiz et al., 2012; Hackley et al., 2015; Hackley and Cardott, 2016) .
Pre-oil solid bitumen occurs in sedimentary rocks as an early product of oil-prone kerogen conversion to petroleum (mainly from algal and bacterial biomass precursors, Tissot and Welte, 1984; Curiale, 1986; Hunt, 1996) . Because of similar chemical reactions that occur in vitrinite, the reflectance of solid bitumen under oil immersion (BR o ) also increases with increasing thermal maturity, and BR o is sometimes used as a thermal-maturity parameter in addition to or in place of R o (Riediger, 1993; Hackley, 2012; Petersen et al., 2013; Valentine et al., 2014) . At low thermal maturity (R o < 1.0%), the reflectance of solid bitumen typically is lower than the reflectance of co-occurring vitrinite, that is, R o ‡ BR o when R o < 1.0%, as observed by empirical studies (Robert, 1988; Landis and Castaño, 1995; Schoenherr et al., 2007; Ferreiro Mählmann and Frey, 2012; Ferreiro Mählmann and Le Bayon, 2016; Wei et al., 2016) . Because solid bitumen is a petroleum product generated from conversion of oil-prone organic matter or from alteration of liquid oil (termed post-oil solid bitumen) Hackley and Cardott, 2016) , it contains in its molecular structure some proportion of an oil-like saturated n-alkane component (Curiale, 1986) , which theoretically reduces its overall aromaticity relative to vitrinite and therefore lowers its relative reflectance (Wei et al., 2016) . Apparent cleavage of aliphatic parts of the solid-bitumen molecule with increasing thermal maturity results in increased aromaticity, and solid bitumen and vitrinite typically have overlapping reflectance values when R o is greater than 1.0% (Landis and Castaño, 1995) . Although we consider solid bitumen identified in this study to be a product of petroleum formation, macerals similar in appearance to solid bitumen ("vitrinite-like" macerals) may be syndepositional and not a product of petroleum formation (Houseknecht and Matthews, (Trican) contributed many of the samples used in this study (Table 1) . Gregory Baugher (USGS) assisted in the petrographic laboratory. Frank Dulong (USGS) provided x-ray diffraction analyses. Vicky Rocha (Weatherford) and Augusta Warden (USGS) coordinated geochemical analyses. This research was funded by the USGS Energy Resources Program. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the United States Government. Understanding Reflectance Measurements Using Hydrous Pyrolysis 1985; Buchardt and Lewan, 1990; Xiao et al., 2000; Schmidt et al., 2015) .
Geologists have long noted instances where R o appears to be suppressed (low) relative to expected values, and several mechanisms have been invoked to explain "vitrinite-reflectance suppression" based on empirical studies. Some workers have postulated that suppressed vitrinite has atypical maturation kinetics because of enrichment in hydrogen or sulfur (Hutton and Cook, 1980; Price and Barker, 1985; Hao and Chen, 1992; Ujiié et al., 2004; Barker et al., 2007) . Others have hypothesized that vitrinite maturation kinetics are retarded via overpressured conditions caused by the impermeability of fine-grained sediments, which prevent forward reaction (McTavish, 1978 (McTavish, , 1998 Hao et al., 1995 Hao et al., , 2007 Carr, 2000; Li et al., 2004) .
Vitrinite and solid bitumen typically occur as structureless gray "blebs" of low relief in reflected white light when dispersed in sedimentary rocks such as shale and can be difficult to distinguish petrographically. Solid bitumen is a mobile, viscous material (Curiale, 1986 ) that conforms to voids and pores in rock matrices, and organic petrographers differentiate solid bitumen from vitrinite based on the presence of unambiguous void filling (embayment by euhedral mineral terminations) or groundmass textures. However, solid bitumen that lacks these textures can be indistinguishable from vitrinite. Furthermore, precursors to vitrinite undergo a gelification process during early diagenesis, and some workers have suggested that malleable proto-vitrinite gels can readily deform around mineral grains or fill pores when dispersed in sediments during early compaction (Chaffee et al., 1984; Russell, 1984; Stout and Spackman, 1987) , possibly resulting in textures that resemble solid bitumen. Because of the visual similarities between solid bitumen and vitrinite, the misidentification of solid bitumen as vitrinite has been postulated to result in reports of R o suppression at lower thermal maturities Ryder et al., 2013) . Furthermore, because misidentification of solid bitumen as vitrinite can affect the predicted spatial distribution of thermally mature self-sourced shale reservoirs or thermal-history reconstructions, this issue can adversely impact petroleum assessments. In particular, the common occurrence of solid bitumen in the petroleum-producing marineshale reservoirs of North America (Hackley and Cardott, 2016) demands that the distinctions between solid bitumen and vitrinite be precisely documented to improve estimates of thermal-maturation profiles and the timing of petroleum generation.
To determine if reports of R o suppression may be linked to misidentification of solid bitumen as vitrinite, we tested the response of vitrinite in coals and pre-oil solid bitumen in shales to thermal stress. A suite of samples was artificially matured via hydrouspyrolysis laboratory experiments at high temperatures (300°C-360°C). These experiments documented differences in the maturation kinetics of the two types of organic matter. The results suggest that the reflectance of solid bitumen is lower than that of cooccurring vitrinite because of differences in a priori composition that cause differences in maturation kinetics. This exposes a potential reason behind reports of R o suppression, particularly in early mature upper Paleozoic marine shales, as the simple misidentification of solid bitumen as vitrinite. Better understanding of the rationale behind reports of R o suppression such as described herein may decrease uncertainties in determination of thermal history and allow more accurate prediction of the locations of generation, migration, and accumulation of petroleum resources, ultimately improving hydrocarbon (HC) exploration.
METHODS

Materials
For hydrous-pyrolysis experiments, 8 coal samples and 14 shale samples (Table 1) were used as starting materials. Samples included a wide variety of shale and coal, all with abundant organic matter and of low thermal maturity. Samples were from diverse depositional environments (marine, lacustrine, and terrestrial coal measures) and ranged in geologic age from Cambrian-Ordovician to Miocene.
Hydrous Pyrolysis
The hydrous-pyrolysis method followed the approach of Lewan (1993b Lewan ( , 1997 , wherein crushedrock samples (2-4 g, 1-3 mm top size) were loaded into reactors and covered with deionized water (Figure 1 ). Sufficient water was added to keep the sample covered and in constant contact with water at the temperature of each experiment. To avoid catastrophic rupture of the reactors during experiments resulting from liquid expansion, the water and rock amounts used were calculated based on reactor internal volumes, rock densities, and steam tables as described by Lewan (1993b) . The stainless steel (SS-316) SwageLok minireactor vessels (25-35-ml internal volume) were assembled from 1.5-in.
(3.81-cm) tubing caps and plugs, sealing with approximately 270 ft-lb (82 m-lb) torque using Fel-Pro C5-A copper-based antiseize thread lubricant. No attempt was made to evacuate the reactor head space. Once sealed, reactors were weighed to -0.01 g, placed into gas-chromatograph ovens, and isothermally heated for 72 hr at temperatures of 300°C, 320°C, 340°C, 350°C, and 360°C. The time needed for ovens to reach experimental temperature (generally 5-10 min) was not included in 72-hr experiment durations. At the conclusion of heating, the reactors were reweighed to monitor against leakage then opened and reweighed to estimate outgassing. Pyrolyzed rock residues were removed and rinsed in acetone to remove generated bitumen from rock surfaces. Acetone was used as solvent because of its effectiveness at removal of polar bitumen. Residues were vacuum dried overnight prior to preparation for petrographic analysis. 
Analysis of Materials
The starting materials and experimental products were analyzed for multiple thermal-maturity proxies including R o (of coals) and BR o (of shales) and also via Rock-Eval II programmed pyrolysis. Starting materials and pyrolysis residues were prepared for petrographic analyses according to ASTM D2797 (ASTM International, 2015a), wherein the rock particles are mounted in a thermoset plastic briquette then ground and polished with successively finer abrasives until a 0. Because the primary objective of this study was to differentiate post-experiment differences in R o versus BR o , extreme caution was applied to selection of objects for measurement in shales where both macerals can be present (Devonian and younger only). Therefore, solid-bitumen measurements were only determined on gray reflecting macerals that exhibited void filling (embayment) or groundmass textures ( Figure 2 ), similar to petrographic descriptions of solid bitumen from previous workers (Lewan, 1987) . To avoid potential misidentification as solid bitumen of vitrinite that had preserved gelification textures from early diagenesis, discrete solitary particles were avoided, and locations for measurement were sought that showed continuity with groundmass solid bitumen or lamellae. Further, BR o measurements were determined only on native pre-oil solid bitumens that were interpreted to be present in the starting materials and that evolved in reflectance during the experiments. Solid bitumens that were not present in the original samples but instead were generated from oil-prone kerogens during the hydrous-pyrolysis experiments (restricted to the Eocene Green River Mahogany-zone oil-shale sample) were measured but recognized as unrelated to the native pre-oil solid bitumens present in the original sample. The petrographic distinction of native versus newly generated solid bitumen was based on texture; native solid bitumens in the Mahogany-zone sample occurred as thin (5-10 mm) lamellae parallel to bedding, whereas newly generated solid bitumen in pyrolysis residues replaced amorphous kerogen with a wispy texture that was dispersed in the rock matrix. The term "solid bitumen" as used in this study applies to all solid bitumens observed, regardless of their relative solubility, ranging from the pre-oil native solid bitumens in the starting materials to the postmature solid bitumens present in the residues of the 360°C hydrouspyrolysis experiments.
Whole-sample geochemical analyses were determined on the original samples and their pyrolysis residues after powdering via mortar and pestle. Analyses included total organic carbon (TOC) content by LECO and Rock-Eval II and Hawk pyrolysis (analyzed at Weatherford and USGS in Denver) per typical methods (Espitalie et al., 1985) . Samples were not run in duplicate, so variability in measurement could not be calculated; however, estimates of variability were generated from comparison with replicate analyses of similar samples from other studies. Error in temperature of maximum S2 output (T max ) values is -2°C-3°C, whereas error in TOC, S1 (thermal distillate, in milligrams of HC per gram of rock), S2 (thermally cracked HCs, milligrams of HC per gram of rock), and S3 (CO and CO 2 from thermal decomposition of organic matter, milligrams of CO and CO 2 per gram of rock) is -10%.
RESULTS
Bulk Rock Analyses
Results of TOC analysis of shale starting materials indicate TOC values from 4.1 to 22.4 wt. % (Table 2) , with the highest value occurring in the Eocene Green River Mahogany-zone oil shale and the lowest in the Upper Cretaceous Boquillas Formation. Coals have higher TOC values, ranging from 38 to 62 wt. %. The S1 thermal-distillate values range from 0.65 to 11.97 mg HC/g rock for all samples with values slightly higher on average in shales compared with coals, consistent with the presence of petroleum products in the form of solid bitumen. The S2 pyrolysis output values range from 29.7 to 195.0 mg HC/g rock with values higher on average in coals. The T max values are universally low, ranging from 414°C to 439°C, indicating that samples are immature (Peters, 1986) ; the highest value of 439°C is from the Mahogany-zone sample with type I kerogen, for which T max values generally are considered to be unreliable as a maturity indicator (Tissot et al., 1987; Huizinga et al., 1988) . Hydrogen index (HI) values are highest in shales, averaging 583 mg HC/g TOC and ranging from 392 to 871 mg HC/g TOC, with the highest value in the Mahogany-zone sample and the lowest in the Mississippian Barnett Shale. The HI versus T max discriminant plot ( Figure 3 ) Values are estimated to be accurate to -2°C-3°C for T max and -10% for TOC, S1, S2, and S3. Abbreviations: Fm. = Formation; Grp. = Group; HC = hydrocarbons; HI = hydrogen index (S2 · 100/TOC); Mbr. = Member; OI = oxygen index (S3 · 100/TOC); PI = production index (S1/[S1 + S2]); T max = temperature of maximum S2 output; TOC = total organic carbon.
indicates that the shales contain type II kerogen (excepting the type I Mahogany zone), consistent with marine depositional environments as known from prior studies summarized in Hackley and Cardott (2016) . Coals show universally lower HI values, ranging from 87 to 240 mg HC/g TOC and averaging only 178 mg HC/g TOC, consistent with lower H/C ratios in type III kerogen. Production index (S1/[S1 + S2]) values are low for all samples, ranging from 0.01 to 0.11, consistent with immature conditions as revealed by the T max values of generally less than 435°C (Peters, 1986) .
Reflectance Measurements
Although all of the samples used in this study are thermally immature as shown in Figure 3 , mean BR o measurements (0.23%-0.41% BR o ) are consistently lower than R o in the coals (0.42%-0.54% VR o ; Tables 3, 4). As shown in Figure 4A , the BR o and R o measurements of hydrous-pyrolysis products show systematically different signatures with increasing temperature. For example, R o of coal recovered from 300°C experiments shows a significant increase from the original low values up to 0.80%-0.97% R o , Figure 3 . Hydrogen index versus temperature of maximum S2 output (T max ) plot (Espitalie et al., 1985) showing kerogen types and thermal maturity of sample starting materials. HC = hydrocarbon; R o = vitrinite reflectance; TOC = total organic carbon.
whereas 350°C experiments is notably below the overall vitrinite trend, and the BR o of recovered Mahoganyzone oil shale from the 300°C, 320°C, and 340°C experiments is notably below the overall solidbitumen trend ( Figure 4A ). Note that the native solid bitumen present in the original Mahogany-zone oil-shale sample (BR o of 0.33%) is not identified with confidence in the residues of hydrous-pyrolysis experiments; instead, a newly generated solid bitumen converted from the original amorphous kerogen during the experiment is present. The two overall trends in Figure 4A are similar to those observed by Lewan (1985 Lewan ( , 1993a , as shown in Figure 4B . In these earlier studies, reflectance values were measured by an experienced petrographer (John Grayson) who considered all of the macerals to be syndepositional vitrinite based on their uniform reflectance and sharp outlines. As a result, these macerals were considered Lewan (1985 Lewan ( , 1993a in which the two trends were identified as R o and suppressed-R o trends. Oven temperatures are assumed to be accurate to -1°C.
to have suppressed R o , as originally described by Price and Barker (1985) . A later study on the Cambrian-Ordovician Alum Shale (Buchardt and Lewan, 1990) showed that the suppressed vitrinite was more appropriately referred to as vitrinite-like maceral. Superimposing the data from this study ( Figure  4A ) with the previous work ( Figure 4B) shows that the trends are similar but with some notable differences ( Figure 5 ). The R o values of the coals in this study are similar ( Figure 5A ) and group well within the vitrinite trend outlined by Lewan (1985 Lewan ( , 1993a . Despite the wide variation in HI values for the initial immature coals (87-240 mg HC/g TOC), there appears to be little variability in the R o of the coal recovered from the experiments. A notable exception from the coal R o trend is the Carbondale Formation Herrin coal from the Illinois Basin. The R o values for coal recovered from the 300°C and 320°C experiments are similar to the other coals and fall within the trend outlines for vitrinite. However, at 340°C, 350°C, and 360°C, the R o of recovered Carbondale coal is significantly lower than the other coal samples and lower than the vitrinite trend outline. The Carbondale sample is the only Carboniferous coal in the study and the most mature of all the starting coal materials as determined by R o . Its unique behavior in the higher-temperature experiments raises the question as to whether Carboniferous vitrinite responds differently to thermal stress than vitrinite from Cenozoic coals or its slightly higher initial thermal maturity causes it to be less reactive at higher experimental temperatures. In a study evaluating petroleum generation potential among more than 500 coals of various ages, Petersen (2006) noted that Cenozoic coals contained a greater proportion of longchain aliphatic compounds than older coals. Collinson and Scott (1987) noted that vascular-plant precursors for coals of Carboniferous age are dominated by arborescent lycopsids, and coals of Cretaceous to Holocene are dominated by taxodiaceous conifers. However, Ernst and Mählmann (2004) found no difference in the maturation rate of angiosperm versus gymnosperm vitrinite.
Vitrinite reflectance does not reach values greater than 1.57% R o in this study, whereas Lewan (1993a) measured vitrinite values greater than 1.7% for one of two coal samples subjected to experimental temperatures of 360°C. In the Lewan (1993a) study, values of approximately 1.57% R o were reached at 350°C for vitrinite in the Cretaceous Mowry Shale from Steinaker Draw, Utah. The experimental setup could be responsible for some difference in results. The current work used minireactors with 25-35-ml internal volumes and small charges (2-4-g crushed rock, 13-16-ml water), whereas Lewan (1993a) used larger reactors with 1-L volume and up to 400-g crushed rock covered by water. Extended warm-up (1.1-1.5 hr) and cool-down (18-24 hr) times (Lewan and Ruble, 2002) of the larger reactors used by Lewan (1993a) could explain higher reflectance values of the previous work. Another consideration is that anisotropy of R o may impact measurement precision at these higher maturities. Nevertheless, R o is very similar in the two studies up to 340°C, and the values of BR o in this study and the suppressed-R o values reported in Lewan (1993a) are similar at all experimental temperatures, with some outliers at 340°C.
Of the 14 shale samples, 11 have sigmoid BR o trends with temperature ( Figure 5B, C) . These trends are near or within the suppressed-R o outline at 300°C, 320°C, 350°C, and 360°C but tend to have higher BR o values than the suppressed-R o outline at 340°C. Shales with this sigmoid trend range in age from Cambrian-Ordovician through Cretaceous with no systematic relationship between their BR o and initial HI values (419-761 mg HC/g TOC). The remaining shale samples are shown with respect to temperature in Figure 5C . The BR o trends of the Shublik and Duvernay remain within the suppressed-R o outline similar to the eight samples plotted in Figure 5B . The BR o trend of the Barnett Shale shows continuous increase with a concave trend throughout the entire temperature range. The Monterey Formation BR o trend shows a consistent concave increase and is higher than the suppressed-R o outline to 340°C, but then it remains constant to 350°C with a subsequent increase to 360°C. The BR o trend for the Woodford Shale continuously increases with temperature. At 300°C and 320°C, it is above the suppressed-R o outline, which was constructed with reflectance measurements made on the Woodford Shale in previous studies (Lewan, 1985 (Lewan, , 1993a  Figure 4B ). At 340°C, 350°C, and 360°C, its trend is within or bordering the suppressed-R o outline. The BR o trend of the Mahogany-zone sample with temperature is the most anomalous, with BR o < 0.2% at 300°C and 320°C, which is less than solid bitumen in Figure 5 . Changes in reflectance of immature samples subjected to hydrous pyrolysis at various temperatures for 72 hr reported in this study (colored symbols and curves) with vitrinite (R o ) and suppressed-R o trends from Lewan (1985 Lewan ( , 1993a as shown in Figure 4B the initial sample (0.33% BR o ). However, as noted above, the BR o measurements determined on rock recovered from hydrous pyrolysis of the Mahoganyzone sample were not on the native solid bitumen but instead from newly generated solid bitumen derived from conversion of the amorphous kerogen. At the higher experimental temperatures, the BR o trend of the Mahogany-zone sample increases into the suppressed-R o outline.
The increase of BR o with experimental temperature is shown visually in Figure 6 in a series of images from rock samples recovered from hydrous pyrolysis of the Cambrian-Ordovician Alum Shale ( Figure  6A -F) and the Devonian Huron Member of the Ohio Shale ( Figure 6G-L) . Pre-oil solid bitumen is evident from groundmass textures in the starting materials ( Figure 6A, G) , and its reflectance increase is visible in photomicrographs of the recovered rock and in the measured values (Tables 3, 4 ).
DISCUSSION
Although the window for oil generation can vary significantly with R o and kerogen type because of differing oil-generation kinetics (Higley et al., 2009) , the two observed trends in this and prior studies (Lewan, 1985 (Lewan, , 1993a occur within the thermalmaturity range typically prescribed for oil generation (0.5%-1.3% R o ; Dow and O'Connor, 1982) . Therefore, it is important to recognize whether reflectance measurements are on solid bitumen or vitrinite. As shown in this work, the reflectance of these two types of organic matter varied significantly when subjected to the same thermal stress as induced by hydrous pyrolysis (Figure 5 ). Visual differentiation of vitrinite from solid bitumen may be obvious in some cases, but the criteria are not always infallible. As noted in an interlaboratory reflectance-measurement study on shale (Hackley et al., 2015) , reflectance values reported on organic matter identified as solid bitumen by some petrographers were identical with those measured on organic matter identified as vitrinite by other petrographers. As shown in this study, the hydrous-pyrolysis approach using temperatures between 300°C and 330°C for 72 hr could assist in distinguishing R o from BR o in immature or lowmaturity samples. However, with increasing thermal stress the R o and BR o trends merge, and the specific hydrous-pyrolysis conditions for differentiating the two materials in higher-maturity rocks have not been studied. It should be noted that the immature shales of this study may have also contained vitrinite (Devonian and younger), but only the reflectance of solid bitumen (BR o ) was recorded. The results from subjecting these shales to hydrous pyrolysis show that the reflectance measurements were not on vitrinite.
These data explain the results of empirical studies (Robert, 1988; Landis and Castaño, 1995; Ferreiro Mählmann and Frey, 2012; Ferreiro Mählmann and Le Bayon, 2016) , which found that BR o is lower than cooccurring R o at low thermal maturities (R o < 1.0%) and more similar at higher maturities (R o > 1.0%). Many workers have noted the possibility of R o suppression in studies of upper Paleozoic-oil-window mature source rocks, including the Bakken Shale in the Williston Basin (Price and Barker, 1985; Jarvie et al., 2011) and Devonian shales in the Appalachian Ryder et al., 2013) and Illinois Basins (Barrows and Cluff, 1984; Nuccio and Hatch, 1996) . Solid bitumen is the primary organic component in these and other currently developed shale petroleum reservoirs in North America (Hackley and Cardott, 2016) , suggesting that some reports of R o suppression simply are a consequence of mistaking solid bitumen for vitrinite. Therefore, it is suggested that R o suppression is a misnomer in these upper Paleozoic marine-shale petroleum systems. Vitrinitereflectance suppression also is widely reported from shale of other geologic ages (Mesozoic-Cenozoic) and from other depositional environments including fluvial-deltaic to lacustrine settings (Fatimah and Ward, 2009; Petersen et al., 2009; Wilkins et al., 2015; Schito et al., 2016) . The wide range in age (Cambrian-Ordovician to Miocene) of the shales used in this study in which BR o consistently shows lower response to thermal stress than does R o suggests that our work has application to a broader array of settings and ages, such as those mentioned above.
Causes of Vitrinite-Reflectance Suppression
Many empirical geologic studies have reported R o suppression in rock and sediment samples, where the suppression is a downward deviation from R o values measured in associated samples that have a similar geologic history. This has often been explained as a consequence of association of the suppressed vitrinite with aliphatic, lipid-rich organic materials (liptinite), which may exsolve lower-reflecting oil or bitumen that impregnates vitrinite and lowers its reflectance (Kalkreuth, 1982; Kalkreuth and Macauley, 1987; Petersen and Vosgerau, 1999) . However, some research (Barker et al., 2007) found no evidence for bitumen impregnation in a comparison of reflectance values for pre-and postextracted vitrinite. Hydrous pyrolysis of Mowry Shale and Cretaceous Frontier coal (also from Steinaker Draw, Utah) followed the same vitrinite trend in spite of significant oil generation from the former (Lewan, 1993a;  Figure 4B ). Efforts to deal with suppression issues include the use of empirical data to derive correction functions for application to suppressed-R o values (Wilkins et al., 1992; Lo, 1993; Quick, 1994; Newman, 1997; Wilkins et al., 2002) , although some have discounted this approach because of inconsistent results . Others have proposed selection criteria for avoiding suppressed vitrinite (Buiskool Toxopeus, 1983) ; however, this approach presumes that normal vitrinite also is present in the samples that contain the suppressed vitrinite.
Work by Huang (1996) observed a control by HI on the evolution rate of R o , where higher original hydrogen content caused a slower rate of R o change in isothermally heated samples, with the effect becoming less pronounced at longer heating times (higher maturation). This result was consistent with observations of R o suppression occurring in a hydrogen-rich vitrinite-like maceral noted in the empirical studies of earlier workers (Hutton and Cook, 1980; Price and Barker, 1985; Wenger and Baker, 1987) . The current study does not support the claim, because coals of varying HI values (87-240 mg HC/g TOC) have similar vitrinite trends with hydrous-pyrolysis temperature ( Figure 5A ). Huang (1996) also found no control by fluid chemistry, fluid flow, gas or water pressure, or presence of water, oil, or other kerogen types on R o evolution. We cannot address or refute these observations by Huang, because our experiments were invariant with the exception of temperature. However, we note that Huang's conclusion concerning the presence of water is not consistent with later findings (Behar et al., 2003) , which observed elevated increases in R o in hydrous relative to anhydrous conditions. Behar et al. (2003) suggested that exogenous hydrogen derived from water may facilitate the vitrinite maturation reaction. Other experimental work showed a clear relation between H+ activity (i.e., pH) and the rate of increase of R o (Seewald et al., 2000) , also inconsistent to the findings of Huang (1996) . Seewald et al. (2000) suggested that chemical maturation of vitrinite occurred via an acid-catalyzed mechanism. Similarly, the observation by Huang (1996) that water pressure has little effect on R o evolution is in conflict with other experimental studies, which have observed retardation of reflectance evolution and oil generation under high-water-pressure conditions (Price and Wenger, 1992; Michels et al., 1995; Dalla Torre et al., 1997; Uguna et al., 2016b) , and considerable controversy still exists on the factor of pressure (Le Bayon et al., 2011) . A series of experimental studies by A. D. Carr and coworkers suggests that vitrinite maturation is retarded in overpressured systems where work is required to displace water and provide space for the volume expansion of kerogen and bitumen cracking (Carr et al., 2009; Uguna et al., 2012 Uguna et al., , 2013 Uguna et al., , 2016a . In their reasoning, the thermal energy used to break organic bonds has to be divided between this thermal cracking and water displacement, reducing the overall amount of energy available for thermal cracking and thereby retarding organic maturation. We agree with the observation of Uguna et al. (2012) that differences in the experimental pyrolysis setup between studies may explain some of the conflicting results on the factor of pressure with respect to organic maturation and oil generation. In summary, a large body of work to date has produced conflicting and sometimes contradictory results on factors that may cause R o suppression.
The work reported herein suggests that the most likely cause for reports of R o suppression is that the maceral being measured (solid bitumen) is compositionally different than vitrinite. Although its petrographic character (which for solid bitumen can include uniform reflectance and a sharp outline) may sometimes resemble vitrinite, solid bitumen is compositionally not vitrinite. As inferred from previous work, suppressed vitrinite (solid bitumen) may be enriched in hydrogen (Price and Barker, 1985; Hao and Chen, 1992; Ujiié et al., 2004) , and it is intuitive that, as a solid HC product, solid bitumen would contain relatively more hydrogen than vitrinite.
Although hydrogen enrichment is an attractive explanation for diminished reflectance values, it is difficult to substantiate. Bulk rock analyses are not appropriate, and the small amounts and sizes of dispersed macerals in shales make it difficult for direct compositional analyses of carbon and hydrogen to test the enriched hydrogen hypothesis for solid bitumen versus vitrinite. However, newly developed instruments may be capable of in situ chemical analyses at the small-length scales necessary (Cook et al., 2016; Yang et al., 2016) , and this should be an important subject of future study.
The specific mechanism by which hydrogen enrichment inhibits reflectance increase in solid bitumen remains equivocal. One possibility is that hydrogen enrichment is manifested as aliphatic HC chains. The presence of these HC functional groups could inhibit the condensation of aromatic clusters, which is critical for the increase in reflectance with thermal maturation (Carr and Williamson, 1990) . As these aliphatic functional groups are cracked from or cross-linked and aromatized into aromatic clusters, the condensation reactions responsible for reflectance increase would be allowed to proceed. This hypothesis could explain the observed merging of the two trends at hydrous-pyrolysis temperatures in excess of 330°C for 72 hr as seen in this work and in the prior studies (Lewan, 1985 (Lewan, , 1993a .
As mentioned earlier, previous workers have noted the occurrence of vitrinite-like macerals, which are interpreted as syndepositional because of sharp outlines, uniform reflectance, and absence of void filling or groundmass textures (Houseknecht and Matthews, 1985; Buchardt and Lewan, 1990; Xiao et al., 2000; Schmidt et al., 2015) . Buchardt and Lewan (1990) did not like the mobility connotation that solid bitumen conveys in describing the vitrinite-like maceral observed in rock thin sections and isolated-kerogen epoxy mounts of the Alum Shale. They contended that the dispersed character of this maceral within the immature rock groundmass and presence of framboidal pyrite in or around some of the individual vitrinite-like maceral fragments were indicative of a syndepositional origin and therefore not a diagenetic or catagenetic kerogen conversion product. They went on to suggest that in the same way gelification of cellulose and lignin from vascular plants could form vitrinite, gelification of algal polysaccharides may be the precursor of vitrinitelike macerals. We are not disputing this previous work or the possibility of identification of a vitrinite-like maceral by other workers, but instead we are showing different responses to thermal stress shown by vitrinite and solid bitumen as identified by unambiguous void filling or groundmass texture.
Implications to Petroleum Assessment
Assessments of petroleum generation rely on accurate burial-history reconstructions calibrated from R o data. The work presented herein indicates that BR o will be lower than coexisting R o , particularly at lower thermal maturities. Therefore, mistaken measurements of BR o in place of vitrinite will underestimate thermal maturity. The implication is that reconstructions of the thermal history of a source rock will be underestimated, and predictions of the extent of oil generation will be underestimated as well. In other words, recognition that R o suppression is a misnomer potentially can extend the oil window and the possibility for oil accumulations into places where strata previously were expected to be immature for petroleum generation.
Applicable to both conventional and unconventional petroleum assessment, R o measurements are used to estimate the spatial extent (geographic location and depths) of oil and gas generation in the Earth's crust (Suárez-Ruiz et al., 2012) . Boundary locations for entrance to the oil window typically are placed at a minimum of 0.55%-0.60% R o (Jarvie et al., 2005; Dembicki, 2009) , although lower values are recognized for high-sulfur kerogen and higher values for type I kerogen (Orr, 1986; Baskin and Peters, 1992; Ruble et al., 2001) . For workers evaluating thermally mature unconventional Paleozoic petroleum systems such as the Mississippian Barnett Shale in the Fort Worth Basin or the Devonian Appalachian Basin shales where solid bitumen is the dominant organic-matter component (Hackley and Cardott, 2016) , assuming that the entrance to the oil window occurs at 0.60% R o may decrease the areas in which self-sourced reservoirs are predicted. The USGS and other organizations (e.g., oil companies) sometimes use spatial extent (among other criteria) of 0.60% R o conditions to estimate the volumes of undiscovered self-sourced petroleum resources reservoired in shale (Milici and Swezey, 2006; Coleman et al., 2011) . If boundaries are underestimated because R o measurements mistakenly include measurements of BR o , then estimated volumes of undiscovered HCs also will be underestimated. Therefore, identifying and distinguishing vitrinite from solid bitumen are critical.
Although this study found smaller differences in the reflectance of vitrinite and solid bitumen at higher experimental temperatures, some differences were noted. The observation that BR o < R o at thermal maturities consistent with gas-condensate generation (1.1%-1.2% BR o ) could suggest potential impact to models for thermogenic gas generation from oil cracking. A widely cited model of thermogenic processes in the Barnett Shale of the Fort Worth Basin originally suggested that oil cracking to secondary gas occurred at 1.1% R o (Jarvie et al., 2005 , their figure 11 ). Subsequent work that included new R o measurements on additional samples (Lewan and Pawlewicz, 2017) indicates that the previously reported reflectance values were significantly lower and most likely were the result of measurements on solid bitumen or misinterpretation of indigenous reflectance populations. As a result, oil cracking to secondary gas was reevaluated to occur at 1.5% R o . Other workers have also noted onset of oil cracking at higher thermal maturities (Schenk et al., 1997; Waples, 2000) , and this difference becomes important when using the Barnett Shale as an analog for other petroleum systems.
CONCLUSIONS
Results from hydrous pyrolysis of solid bitumen and vitrinite document differences in the rate of their reflectance increase with respect to thermal stress. Solid-bitumen reflectance shows a lower response to thermal stress than R o , with differences most prominent at lower experimental temperatures and similarities most prominent at higher temperatures. These results explain empirical observations that BR o is lower than the reflectance of co-occurring vitrinite at low thermal maturities (R o < 1.0%) and more similar at higher maturities (R o > 1.0%). Optically distinguishing between solid bitumen and vitrinite may sometimes be difficult. In these cases, hydrous pyrolysis (300°C-330°C for 72 hr) of immature samples could help to determine whether observed vitrinitelike macerals are solid bitumen or vitrinite by their change in reflectance.
Because previous workers have shown that solid bitumen is a common organic-matter constituent in the thermally mature shale plays of North America (Hackley and Cardott, 2016) , mistaken inclusion of lower-reflectance solid bitumen in the R o histograms from these rocks may result in erroneous reports of R o suppression. Such reports are common from upper Paleozoic marine shales showing early to mid-oil window maturity where vitrinite is rare or absent and solid bitumen is prevalent. Therefore, it is suggested that R o suppression is a misnomer in the upper Paleozoic shale petroleum systems of North America and perhaps elsewhere in strata from other geologic time periods and depositional environments. This observation may be used to expand the spatial boundaries in which petroleum generation could be expected from source rocks otherwise thought to be immature.
